abstract: Coevolution between host and parasite is, in principle, a powerful determinant of the biology and genetics of infection and disease. However, coevolution is difficult to demonstrate rigorously in practice and therefore has rarely been observed empirically, particularly in animal-parasite systems. Research on host-schistosome interactions has the potential for making an important contribution to the study of coevolution or reciprocal adaptation. This may be particularly pertinent because schistosomes represent an indirectly transmitted macroparasite, so often overlooked among both theoretical and empirical studies. Here we present ideas and experiments on host-schistosome interactions, in part reviewed from published work but focusing in particular on preliminary novel data from our ongoing studies of potential host-schistosome evolution and coevolution in the laboratory. The article is split into three main sections: we first focus on the evidence for evolution in the host, then in the parasite, before combining both to illustrate the gathering evidence of host-parasite coevolution in the snail-schistosome system. In particular, we demonstrate that genetic architecture, variability, and selective pressures are present for the evolution of resistance and susceptibility, virulence, and infectivity to occur, the mechanisms allowing such polymorphisms to be maintained, and that hosts and parasites appear to have reciprocal effects on each other's phenotype and genotype.
Coevolution is evolution in one species in response to selection imposed by a second species and accompanied by evolution in the second species in response to reciprocal selection imposed by the first species (Janzen 1980) . Coevolution may be regarded as particularly important in host-parasite systems because of the intimate nature of the association and the strong selective pressures that each can exert on the other (Woolhouse et al. 2002) . Host-parasite coevolution is driven by the reciprocal evolution of host resistance (the genetic, biochemical, and/or physiological profiles that inhibit parasite establishment, survival, and/or development within the host [Coustau et al. 2000] ) and parasite infectivity (the infective capacity of the parasite, when applied to suitable host tissues, to produce the next infective stage) and/or virulence (parasite-induced host mortality/reduced lifetime reproductive success [Read 1994 ]), which together contribute to "compatibility," the ability of a given parasite to infect a given host (see table  A1 in the online edition of the American Naturalist). Coevolution between resistance and infectivity traits is "antagonistic"; that is, their effects on the fitness of the host and parasite are in opposite directions, their relative selective strengths being determined in part by the level of parasite virulence ( fig. 1 ). In contrast, while by definition increased virulence leads to decreased host fitness, it may also lead to either decreased or increased parasite fitness and therefore the potential for either antagonistic or mutualistic coevolution (Ebert 1994; Frank 1996) .
The implications of host-parasite coevolution for the medical and veterinary sciences, particularly in the context of infectious disease epidemiology, are only just beginning to be recognized (Stearns 1999; Woolhouse and Dye 2001; Woolhouse et al. 2002) . Coevolution may be particularly important as a means of maintaining resistance and infectivity and/or virulence polymorphisms (Thompson and Burdon 1992; Rainey et al. 2000) and has important repercussions for our understanding of traits such as hostparasite compatibility, range, and virulence. Likewise, understanding how pathogens respond to evolved changes in host characteristics may provide a good model for their resistance promotes increased selection of infectivity alleles and vice versa. Similarly, increased virulence promotes increased selection for host resistance, although the effect of host resistance on parasite virulence is less predictable because it will depend on the relationship of infectivity and virulence. Polymorphisms in each trait are maintained through cost-benefit trade-offs at all stages both within and between species. (1, Webster and Woolhouse 1999; 2, Webster and Woolhouse 1998; 3, Davies et al. 2002; 4, Webster et al., unpublished manuscript; 5, Gower and Webster 2004; 6, Webster and Davies 2001; 7, Davies et al. 2001 ). (For a color version of this figure, see the online edition of the American Naturalist.) all too apparent potential to respond to other kinds of change, such as the use of new drugs or vaccines to combat disease (Ebert 1998; Domingo et al. 2001; Gandon et al. 2001) . A substantial body of theoretical work has been developed to explore the likelihood and consequences of coevolution, albeit focused only on directly transmitted microparasites, and this work predicts that coevolution can occur under a very wide range of conditions but that many different outcomes are possible (Thompson and Burdon 1992; Sorci et al. 1997; Woolhouse et al. 2002) . Unfortunately, however, few empirical studies have been conducted to test these theories and models in natural, particularly animal, populations, and reciprocal selection has seldom been measured (Clayton et al. 1999; Little 2002 ). This may not be surprising, because demonstrating any kind of ongoing selection is not straightforward (Kreitman 2000) and coevolution requires further demonstration of reciprocal selection in both host and parasite.
One approach by which to empirically infer hostparasite coevolution is to investigate the current "end points" of coevolutionary interactions in the field by observing the patterns of interactions between the two species in natural populations. An alternative approach is to demonstrate coevolution in action through controlled laboratory experiments. The ultimate demonstration may be longitudinal studies that incorporate both. There are several ways to document coevolution in the laboratory, the first of which is to infer that coevolution can occur by documenting genetic variation (additive genetic variation for diploid species) and identifying how it is maintained in the relevant host and parasite traits using quantitative genetic techniques or artificial selection experiments. Such studies may help to elucidate the genetic architecture and to confirm that the outcome is dependent on the combinations of host-parasite genotypes involved (in multilocus systems, this makes epistasis and linkage disequilibrium potentially important). The reciprocal effects of these traits on the fitness of the two populations must also be demonstrated and therefore that the selective pressures for evolution to occur are present (Kraaijeveld et al. 1998) . Coselection experiments may prove valuable in order to establish that there is evidence of change (whether directional or nondirectional) over time and/or place in both host and parasite phenotype and genotype frequencies. This may be particularly important to test directly because recent modelling suggests that where features of the hostparasite relationship, such as the rate of infection, transmission, and virulence, are under the shared control of host and parasite genotype (rather than attributable directly to host or parasite genotype with the other remaining constant, as has previously been modelled), novel predictions about coevolutionary stable states may be generated (Restif and Koella 2003) .
Directly demonstrating coevolution may be most straightforward where a specialist parasite exerts a strong selection pressure on its host as well as vice versa, the relevant host and parasite traits have high heritability and a simple genetic basis, there are minimal other constraints on the relevant parasite and host traits, including those due to the impact of selection imposed by other hosts or parasites respectively, and parasite and host generation times are short. As we will demonstrate, many of these requirements are met in the Schistosoma spp. (Platyhelminthes; Trematoda), at least within the controlled confines of the laboratory snail-schistosome-mouse system, and therefore may provide us with a useful model for examining potential coevolutionary interactions and thereby an insight into the genetics of adaptation in general. Schistosomes are the causative agent of schistosomiasis, a macroparasitic disease of profound medical and veterinary importance, with some 600 million people at risk and 200 million infected at any time throughout the tropical world (Chitsulo et al. 2000) . Schistosomes have an indirect life cycle involving obligatory alternation of generations between a mammalian and molluscan host (see fig. 2 in the online edition of the American Naturalist). Transmission between hosts occurs via free-swimming larval stages, miracidia (infective to the molluscan intermediate host) and cercariae (infective to the mammalian definitive host). Prevalence of schistosome infections of snails in natural populations and subsequent transmission to humans is highly variable across space and time (Wilkins 1987; Webster and Davies 2001; Webster et al. 2001a ). This is thought to be, in part, explicable by ecological and genetic aspects of interactions between schistosomes and their intermediate hosts (Files and Cram 1949; van der Knapp and Loker 1990; Hoffman et al. 1998) . One such interaction is the widely reported adaptation of schistosomes to their local host populations (Michelson and DuBios 1978; Paraense and Correa 1978; Manning et al. 1995; Woolhouse and Webster 2000) , which models suggest may result from dynamic host-parasite coevolution . The aim here is thus to present some recent ideas and experiments, in part reviewed from our published work (space limitations necessitating against a broader review of all snail-schistosome research) but focusing in particular on novel data from ongoing studies on potential snail-schistosome evolution and coevolution performed within our laboratory. We focus primarily on the snail-schistosome interaction using the parasite Schistosoma mansoni in its intermediate host Biomphalaria glabrata (the natural host within the New World and parts of Africa), although mention will also be made where appropriate to the definitive host (human or murine, because both humans and rodents act as natural definitive hosts for S. mansoni within Africa and the New World). The article is split into three sections, first focusing on the evidence for evolution in the host, then in the parasite, then combining both to present the evidence of hostparasite coevolution in the snail-schistosome system.
Evolution in the Host?

Does the Necessary Genetic Architecture and Variability
Exist for Evolution to Occur?
Host-parasite coevolution requires that variation is, at least partially, genetically determined (Anderson and May 1982) . There is some evidence from laboratory mammals and human pedigree and association studies suggesting genetic factors are important within definitive hosts in terms of their susceptibility and/or subsequent morbidity to schistosomiasis and in promoting heterogeneity in patterns of human infection (Bickle et al. 1980; Dessein et al. 1999) . However, the impact of host-parasite coevolution at the definitive host stage remains difficult to determine due in part to the inherent practical problems of study where one clearly cannot perform controlled coselection studies on, for example, humans. The intermediate host stage, on the other hand, presents an ideal opportunity for investigating potential evolutionary and coevolutionary pressures and changes in response to schistosome infections. In order to determine whether resistance and/or susceptibility in the snail intermediate host has a heritable basis, a series of recent studies have been performed in our laboratory (which follow on from the excellent early work by, among others, Richards and colleagues [Richards 1970 [Richards , 1973 [Richards , 1975 ). In an initial artificial selection study, Webster and Woolhouse (1998) chose unselected adult (parental generation: P 1 ) snails from each of two different geographical origins (one Vespiano strain, originally from Brazil, and the other strain from Puerto Rico), and individually exposed them to five Schistosoma mansoni miracidia, also from each of two different geographical origins (one originally from Puerto Rico, although from a different area than the original snail population, and the other from Kenya). Both snail and parasite geographical strains had been maintained in the laboratory for ≥20 generations. Snails were subsequently divided into groups containing either uninfected "resistant-selected" or infected "susceptible-selected" individuals and left to breed. The F 1 progeny were exposed to the same strain of S. mansoni as their parents, and only snails consistent with their selection group were maintained. This breeding and selection protocol, controlling for any potential biases due to inbreeding or maternal effects, was continued until the F 5 generation with a matched number of unselected control snails exposed to both parasite strains at each generation. By the F 3 generation, infection prevalence was approximately 25% among resistant-selected snail lines and 75% among susceptible-selected snail lines. Unselected control snail lines remained at approximately 50% infection rate when exposed to five miracidia per snail throughout each generation ( fig. 3 ). These results thus support the hypothesis that compatibility in this system does have a heritable basis (Richards and Shade 1987) . A subsequent study of the same host-parasite lines (Webster 2001 ) investigated whether resistance is dominant over susceptibility following simple Mendelian inheritance, as is common for many plant-parasite (Fritz and Simms 1992) and other animalhelminth (Benhke et al. 2000) interactions.
Individual adult snails from each artificially selected replicate snail line described above were paired with a chosen partner. In the first two groups of replicates, the compatibility status of each member of the pair was matched, where both were either resistant-or susceptible-selected, while in the third group, one member of each pair was from a resistant-selected line and the other from a susceptible-selected line. A fourth unselected group of pairs served as controls. As would be predicted if resistance were a dominant trait, only the resistance phenotype (25% infection prevalence) was displayed among crossbred progeny from either matched resistant-selected pairs and from nonmatched pairs where one parent was from a resistantselected line and the other from a susceptible-selected line.
The susceptibility phenotype (75% infection prevalence) was only displayed among crosses from matched susceptible-selected pairs. A final component to these studies then tested the potential strain specificity of compatibility. Such specificity is a fundamental assumption of many coevolutionary models and theories, such as that of frequency dependent or Red Queen coevolution (Hamilton 1980) , and could also account for the greater compatibility among many sympatric host-parasite populations in the field (Manning et al. 1995; Morand et al. 1996; Lively et al. 2004 , in this issue). Webster and Woolhouse (1998) used the same artificially selected resistant and susceptible snail lines as described above and exposed half the F 3 generation snails from each line to the same (their "own") parasite strain to which they had been selected, and the other half were exposed to a novel S. mansoni strain to which they had not been selected. A matched number of control snails were exposed to both parasite strains. The results suggested that compatibility in this system is strain specific, as the infection rate among the snails exposed to a novel parasite was approximately 50% among both resistant-and susceptible-selected snails and therefore matched to that of unselected controls. The resistance (25% infection prevalence) and susceptible (75% infection prevalence) phenotypes were only observed in snails following exposure to the same single parasite strain to which their artificial selection was focused.
Taking this further, Webster (2001) then investigated whether it was possible to crossbreed such single strainspecific B. glabrata snails to be resistant and/or susceptible to more than one S. mansoni strain. As for the dominance study described above, individual adult snails from each artificially selected replicate snail line were paired with a selected partner of matched or nonmatched compatibility status. In this case, the first two groups of replicates consisted of matched snails in each pair, where each was selected toward the same parasite strain. By contrast, in the third group one member of each pair was of a compatibility status selected toward one parasite geographic strain, and the other was selected toward a different parasite geographic strain. The resistance phenotype was simultaneously displayed against both parasite strains among resistant-selected crosses arising from nonmatched pairs. The converse was also suggested among some susceptibleselected crosses. Likewise, as for the previous study (Webster and Woolhouse 1998), single strain specificity of compatibility was demonstrated, as all effects were lost if snails were exposed to a novel parasite strain (50% infection rate, as for unselected controls). Such heritability and strain specificity may well suggest the existence of a multilocus trait, at least a two-locus, two-allele model with the resistance, susceptible, and control lines differing in allele frequencies, and thereby provide empirical support for genetic theories such as the matching allele at multiple loci model of coevolution (Frank 1993b) .
Do the Necessary Selective Pressures Exist for Evolution to Occur?
It thus appears that there is the necessary genetic architecture and variability for evolution in the intermediate host, but in order to infer coevolution, it still remains necessary to demonstrate that parasites affect host fitness, thereby providing the selective pressures for host resistance to evolve. Significantly increased mortality rates among infected compared to uninfected snails have been reported from, for example, field and laboratory lines of Biomphalaria pfeifferri, B. glabrata, and Bulinus globosus (Pan 1965; Sturrock and Sturrock 1970; Woolhouse 1989; Webster and Woolhouse 1999) . However, parasite-induced host mortality can depend very much on the strain Webster and Davies 2001) , genetic heterogeneity (Davies et al. 2002) , and the dose of the parasite (Makanga 1981) , even where infection does not establish. Indeed, in investigation of the latter, Blair and Webster (2002) set up six groups of 30 size-and age-matched sexually mature B. glabrata, maintained in individual isolation for 2 weeks before individual exposure to either 0, 1, 2, 5, 10, or 20 miracidia per snail. Infected snails showed significantly higher mortality than unexposed controls, although with no effect of increasing parasite dose. Moreover, for those snails that were exposed but remained uninfected, mortality was also significantly increased as compared to unexposed controls and, in contrast to that observed among infected individuals, increased with increasing parasite exposure dose, potentially indicative of increasing costs of defense against the parasites. Schistosomes can also affect host fitness through, for example, reducing the reproductive success of infected individuals by "partially castrating" their molluscan host in order to divert resources toward their own development. Within the same experimental set up as described above for dose-dependent mortality, significantly fewer egg masses were produced by infected snails than their uninfected counterparts, and this inhibition was also dose dependent (Blair and Webster 2002) . Such schistosome-induced mortality and partial castration can be further exacerbated by the condition of the host, whereby nutritionally deprived snails suffer stronger effects of the same parasite strain and dose (L. Blair and J. P. Webster, unpublished manuscript).
How Is Polymorphism Maintained in Natural Populations?
The apparent strain specificity of resistance and susceptibility Webster 2001 ) is one way in which variability in these traits is maintained in natural populations; however, cost-benefit trade-offs are another important mechanism, which also have implications regarding, for example, optimal levels observed or the speed of evolution. One such trade-off may be between high fitness costs resulting from parasitism and those associated with resistance. It has frequently been argued that for there to be a stable genetic polymorphism in disease resistance, the fitness of the resistant genotypes should be less than that of the susceptible genotypes in the absence of disease, because without such a cost, an allele for resistance should continue to increase in frequency as long as some disease is present (Antonovics and Thrall 1994) . Webster and Woolhouse (1999) thus investigated potential costs of resistance in the B. glabrata-S. mansoni host-parasite system and in particular whether compatibility had any associated cost in terms of snail fertility (defined here as actual reproductive performance, measured as the number of offspring produced) and/or fecundity (defined here as potential reproductive capacity, measured as number of eggs and embryos formed). The study was performed in two parts, the first represented a correlational study of the observed fertility and fecundity across all replicate lines and generations within the aforementioned artificial selection protocol. As any differences in reproductive success observed during selection must also be demonstrated in the absence of parasitism to establish that these are due to genotypic (resistance/susceptible status) rather than phenotypic (individual infection status) effects, the second part of the study examined the fertility and fecundity using replicate F 4 snails maintained in isolation from each of the selected compatibility lines and either unexposed/uninfected or exposed/ infected with S. mansoni. Across both parts of the study, susceptible-selected snail lines showed significantly higher fertility than unselected control snail lines (by the F 2 generation within the correlational study), with resistant-selected snails showing the lowest fertility, irrespective of current infection status. In contrast, there were no significant differences between snail lines in fecundity. It thus did not appear that resistant snails are simply investing resources in defense rather than reproduction (Minchella 1985) , as the apparent energetic cost of reproduction, in terms of egg production and other fecundity measures, did not differ between snail lines. There appears instead to be some feature that prevents the eggs laid by resistant snails from developing into embryos and/or hatching into viable offspring. This may be a deficiency in internal factors that, although primarily associated with host reproduction, are also essential for parasite development (Cooper et al. 1994) . The increased fitness of susceptible snails in the absence of parasites may also have implications for schistosomiasis epidemiology, particularly in new foci of infection and/or following the implementation of control programs in which the sympatric parasite population may be, temporarily, reduced. Any subsequent introduction of parasites may then be to a highly susceptible snail population.
The existence of such apparently strong costs of resistance, however, also raises the converse question of how polymorphisms in susceptibility are maintained in the absence of parasitism. This may be particularly pertinent within laboratory snail populations maintained for many generations in the absence of parasite pressure but where the variability remains for subsequent selection to act. This may suggest that there are further benefits of resistance alleles, even in the absence of parasitism. One possible mechanism could involve differential mating behavior and success among resistant snails. Because discriminatory mating on the basis of heritable disease resistance is expected to lead to progeny with a better genome-environment match than random mating (Hamilton 1980) , a series of studies were performed to investigate whether an interplay of potential infection status (host resistance vs. susceptibility genotype) and current infection (infected vs. uninfected) influenced the reproductive strategy of these facultatively hermaphroditic B. glabrata snails. One such study observed the mating behavior between free-moving unselected snails, currently infected or uninfected, with F 5 partners artificially selected for either resistance or susceptibility to S. mansoni infection . Mate choice was observed to be influenced by a combination of both current and potential parasite infection status and was determined by the more subtle effects of gender biases rather than the absolute levels of mating activity: resistant and susceptible genotypes copulated in either gender and reciprocated (i.e. switched gender) equally when faced with an uninfected partner, but in contrast, resistant snails actively refused to copulate as female with an infected partner. Both causal and functional arguments are consistent with these observations. Susceptible snails may simply be unable to detect the infection status of their partners, suggesting that the mechanism by which snails recognize infected partners could be similar to that by which they resist parasitic infection. An alternative, not incompatible explanation is that susceptible snails do recognize the infection status of their partner but that they gain more by choosing to reciprocate because maximizing outcrossing through both genders would be favored here, as genotypic diversification among sexually reproduced progeny could help them evade coevolving parasitism. In contrast, due to the heritability of resistance and the high cost of infection, resistant snails would benefit by discriminating against accepting sperm, and therefore "inferior" (i.e., infectable) genes, from an infected partner. Such a strategy would avoid the disadvantages of "outcrossing depression," due to the immediate breakup through recombination of successful coadapted resistance gene complexes, through their extremely costly female gender, a trait exacerbated by the reduced egg fertility among resistant snails and their cost of resistance (Webster and Woolhouse 1999) . Resistant snails may thus gain by outcrossing only through their less costly male gender while selfing in their highly costly female gender (Webster 2001 (Webster , 2002 Webster et al. 2003) .
Further mechanisms that may also help explain the maintenance of resistant snails/genes in populations in the absence of parasites could involve a rare advantage for resistant snails, or frequency-dependent mating (Partridge and Hill 1984) . Thus in a separate study (J. P. Webster and C. M. Gower, unpublished manuscript), "mating arenas" were set up containing five size/age-matched sexually mature snails: four "common" free-moving snails (in terms of being either of the same resistance or geographic strain genotype or infection status) and one free-moving "rare" snail (being of a different resistance or geographic strain genotype or infection status). Free-moving snails, rather than tethered, were chosen here as it enabled each snail the equal opportunity to determine a potential partner's "common" or "rare" status within the quintet. Incidence and total time spent mating were measured to determine whether rare snails where chosen more often than common partners. Preliminary results suggest in fact a rare disadvantage, if rare is determined on geographic origin or infection status alone, although rare resistantselected snails did continue to mate and be mated with at an incidence and duration comparable to that of their common resistant-selected counterparts. Such continued mating activity among resistant-selected snails only, and therefore presumably sperm transfer, could thus also help explain the maintenance of resistance genotypes within snail populations even in the absence of parasite pressure. So in summary, we have evidence of the genetic architecture, selective pressures, and cost-benefit trade-offs for evolution to occur on the side of the intermediate host.
Evolution in the Parasite
Does the Necessary Genetic Architecture and Variability Exist for Evolution to Occur?
Schistosomes also show molecular variability in natural populations (Barral et al. 1993 (Barral et al. , 1996 Davies et al. 1999; Curtis et al. 2002; Shrivastava et al. 2003) . Similarly, at the phenotypic level, morbidity and intensity of both human and snail infection has been shown to vary between geographic areas and between individuals within endemic areas (Thiongo et al. 1997) , and laboratory studies have demonstrated that such variation can be attributed in some instances to repeatable differences in parasite strains (Nelson and Saoud 1968; Kassim et al. 1979; Chunge et al. 1995; Thiongo et al. 1997) . However, in relation to characterizing the potential of this variability for evolutionary change and to ascertain heritability of virulence and/or infectivity, again one of the best techniques is to document genetic differences in the laboratory. One such method for achieving this is through analyses of geographic strains or isofemale/inbred lines that are scored for traits in groups of host animals under identical laboratory conditions. In one example, a series of experiments with inbred Schistosoma mansoni lines originating from different geographic areas revealed a wide range of infectivities, both between and within population samples (McManus and Hope 1993). Davies et al. (2001) also used inbred lines to determine the heritability of both infectivity and, for the first time in the snail host, virulence.
In the P 1 generation, snails were exposed to a single S. mansoni miracidium, and infected snails were randomly paired and used to infect a single mouse host. Five eggproducing inbred lines were recovered, arising from crosses between a male and female cercarial clone infection. Significant differences for a fixed miracidial dose in both infectivity and virulence between lines were detected. Moreover, these were stable across two generations, indicative of their genetic basis. In a subsequent study, two-way artificial selection was used to select for replicate genetic lines with high or low intensities of infection in the snail host by using the number of cercariae produced as the measure of infection intensity (or "parasite reproductive rate"; Gower and Webster 2004) . Replicate control lines were not subject to artificial selection but were otherwise treated identically. Parasite infection intensity ( fig. 4a ) and virulence ( fig. 4b) were both shown to significantly alter, albeit in opposite directions, in response to artificial selection, thereby providing further support for additive genetic variability in this system. Moreover, the effect was specific to the host strain used in selection. At the F 3 generation, exposure of all selected parasite lines to either their own (i.e., the same snail geographic strain to which they had been selected) or a novel (i.e., a different snail geographic strain than the parasites had been selected toward) revealed that the increased infection intensity/reduced virulence was only observed for each replicate in the same snail host strain that had been used in selection (C. M. Gower and J. P. Webster, unpublished manuscript). Such apparent strain specificity may suggest that schistosome infection intensity and virulence may also, as for snail resistance and susceptibility, involve multilocus traits Webster 2001) .
Do the Necessary Selective Pressures Exist for Evolution to Occur?
Because parasites are intrinsically reliant on their hosts for survival, parasites will evidently be affected by host factors.
For instance, infectivity is an obvious prerequisite for parasite survival and the existence of noncompatible snail species (Rollinson and Southgate 1985) , and the existence of resistant snails within compatible species (e.g., Richards 1975; Webster and Woolhouse 1998) clearly documents an impact of host genetics on parasite fitness. Moreover, strains of Biomphalaria glabrata snails differing slightly in their susceptibility to S. mansoni infection have also been reported to show dramatic differences in cercarial output among infected snails (Ward et al. 1988) . Preliminary work in our laboratory has also shown differences in transmissibility to definitive hosts depending on the genotype of their intermediate hosts. The strain specificity experiment detailed in the previous section (C. M. Gower and J. P. Webster, unpublished manuscript) further determined that passage of all selected lines at the final generation through a novel but unselected snail strain rather than the snail strain used in artificial selection resulted in increased infectivity to the mouse definitive host. Similarly, differences in cercarial output and subsequent infectivity to the definitive host have been documented between parasite lines passaged through snails artificially selected for resistance compared to unselected hosts. There is also evidence that definitive host genetics can affect parasite fitness; for instance, in the zoonotic Schistosoma japonicum, the species of definitive host it infects impacts on the parasite's subsequent reproductive rate and viability (He et al. 2001) .
How Is Polymorphism Maintained in
Natural Populations?
A multitude of factors appear important in terms of maintaining infectivity and virulence phenotypic and genotypic polymorphisms in natural populations. For instance, the strain specificity of S. mansoni infection intensity and virulence and cost-benefit tradeoffs are important in maintaining polymorphisms and the latter also in determining the optimal level of infection in certain situations. Indeed, a frequent assumption of coevolutionary models is that infectivity alleles must have a negative effect on parasite fitness that offsets the benefit of wider host range; otherwise, the infectivity allele would spread to fixation (Frank 1993b) . In contrast, virulence alleles reduce parasite fitness by reducing the duration of infection. Current theory predicts that virulence may be maintained or promoted where the fitness costs of being virulent are offset by benefits such as increased transmission, dominance in intrahost competitive interactions, or the ability to withstand host defenses (Frank 1996) . Such models most often assume that virulence is a direct side effect of increased parasite reproduction but that such increased reproduction also increases the probability of transmission to new hosts or parasite competitive ability (Bull 1994) . We investigated empirical support for these predictions and mechanisms by investigating evidence of genetic linkage between parasite fitness traits. We looked at correlations across inbred lines differing in infectivity and virulence ) and at correlated responses to artificial selection for parasite infection intensity (Gower and Webster 2004) in the experiments described in the previous section. Fitness costs of being virulent were apparent in both the inbred line and artificial selection experiment by a reduction in lifetime cercarial production in the more virulent parasite strains. However, in our inbred line experiment we determined that though there was an overall cost of infection (manifested as a reduction in host, and therefore parasite, survival), higher levels of infectivity were not apparently associated with increasing fitness costs to the host (and therefore indirectly to the parasite). In contrast, parasite infectivity (the frequency of patent infections) and snail survival were positively associated. Similar patterns of positive associations of cercarial shedding intensity, infectivity, and survival in S. mansoni, 16 strains of B. glabrata, and 233 strains of Biomphalaria straminea have previously been reported by Barbosa (1975) and were also evident in our artificial selection experiment as a correlated response of increased survival to selection for increased infection intensity ( fig. 4 ; Gower and Webster 2004) . Thus, alternative mechanisms must explain the lack of fixation of infectivity alleles. Moreover, these results contradict one of the fundamental assumptions of many theoretical models, that of a positive correlation between pathogen infection intensity and virulence (Bull 1994; Frank 1996) . They may instead, therefore, be indicative of the high costs inherent within the immune defense response of snails, where a lack of mounting such a response would result in the observed high parasite establishment, reproductive success, and low virulence (Sheldon and Verhulst 1996) . The host-schistosome interaction is further complicated by potential trade-offs in parasite fitness traits between the different obligatory host species of its life cycle. In our laboratory we have demonstrated that infectivity to and cercarial production in the snail host is strongly negatively correlated with infectivity to and miracidial production in the mouse definitive host. This apparent trade-off between the parasite's reproductive success between its intermediate and definitive hosts was consistently observed across inbred ) and artificially selected parasite lines (Gower and Webster 2004; fig. 5 ) and suggests both a cost of infectivity in the snail host, which may prevent fixation of infectivity alleles, and a benefit of being virulent such that opportunities for increased transmission to the definitive host would be expected to maintain parasites virulent to the snail. Fluctuating selection, whereby different genotypes or selection for different alleles, will be Snail-Schistosome Coevolution S41 Two-way artificial selection was used to breed S. mansoni parasite lines with high or low intensities of infection in the snail host, using the number of cercariae produced as the measure of infection intensity (or "parasite reproductive rate"). a, Mean weekly cercarial production was significantly higher in high-selected than in low-selected lines (F 3 generation, ). Mean lifetime cercarial production was also significantly higher in high-P p .002 selected than low-selected lines (F 3 generation,  ) . b, Parasite virulence in the snail host was significantly lower (mean survival of uninfected P ! .001 snails Ϫ survival of snails infected by line of interest) in the pathogen lines selected for high infection intensity compared to that of the low-selected lines ( ). (Adapted from Gower and Webster 2004 .) P ! .001 favored in the different obligatory host stages and may thus be expected to promote the maintenance of genetic and phenotypic polymorphisms in infectivity, infection intensity, and virulence in this system. Indeed, this compensatory effect may represent a universal trait across schistosome species at least where there appears to be a negative correlation between the rates of egg production and the total number of cercariae produced over a snail's lifetime with high rates of egg production in species employing smaller intermediate snail host species (Loker 1983) . Our data suggest the presence of genetic variability that may allow variations in patterns of host exploitation and specialization at the intraspecific level also.
Multiple or mixed genotype infections are further mechanisms that have been proposed to promote the maintenance and evolution of virulence in parasite populations , and (b) six artificially selected P ! .001 outbred lines of S. mansoni, (Gower and Webster 2004) . Mean values per line/group of lifetime cercarial production and of the total number P p .01 of miracidia produced are shown.
because intrahost competition can favor high virulence parasite strains of lower potential fitness than less virulent strains wherever they have a local growth or transmission advantage (Anitia et al. 1994; May and Nowak 1995) . Moreover, mixed infections are important from a coevolutionary perspective because host defense against such genetically heterogeneous infections may require more host resources to be effective (Taylor et al. 1998; Morand and Harvey 2000; Moret and Schimd-Hempel 2000) , and thus they may result in increased pressure for the evolution of host resistance regardless of their direct impact on parasite adaptation. Multiple infections of single snail hosts by more than one schistosome genotype have been detected for S. mansoni (Minchella et al. 1995) , Schistosoma haematobium (Davies et al. 1999) , and S. japonicum (J. Shrivastava, B. Z. Qian, G. McVean, and J. P. Webster, unpublished manuscript). While evidence of interspecific trematode competition within host snails is well documented (Lim and Heyneman 1972) , we have performed further studies to investigate the existence of competition at an intraspecific level in S. mansoni and its potential impact on parasite virulence evolution and/or the coevolutionary interaction between snails and schistosomes. In an initial study by Davies et al. (2002) , four groups of B. glabrata snails were exposed to one or two strains of S. mansoni from different geographic origins. Host mortality was raised in mixed infections, and this was associated with an increase in parasite reproduction in mixed strain groups, consistent with potential selection for increased competition between the parasite strains. In a second study (C. M. Gower and J. P. Webster, unpublished manuscript), groups of snails were exposed to one or other or a combination of two of the inbred lines with high-or lowvirulence phenotypes Webster and Davies 2001) . A genetic marker was used to identify resulting progeny in order to estimate the success of each parasite line. The per capita reproductive success of the slower reproducing and more virulent to the snail host parasite line was shown to be reduced in the presence of the fastergrowing parasite genotype. This was true irrespective of the relative proportion of former line in the original dose. The success of the faster-reproducing line, however, was not significantly affected by the presence of the other line. This study therefore demonstrated direct evidence of both competition between parasite genotypes, a fitness benefit of avirulent genotypes, and the potential asymmetry of such interactions. Moreover, it suggested that the genotypes favored through intrahost competition in this system (the avirulent genotypes) differed from those with a transmission advantage (the virulent genotypes; Davies et al. 2001) , thereby providing further potential mechanisms for the maintenance of polymorphism in natural populations.
Coevolution between Host and Parasite
The studies described above suggest that there exists the underlying architecture, variability, and selective pressures in both host and parasite necessary for evolution to occur in each. What remains now is the greater challenge of directly demonstrating coevolution or reciprocal selection between both host and parasite. Successful coselection studies have been performed with bacteria-phage and plant-pathogen systems (Zhan et al. 2002; Bull et al. 2003) , although, to our knowledge, no previous experimental coselection studies have been performed on an animalparasite system. Webster, Blair, Shrivastava, and Johnson (unpublished manuscript) therefore set up a longitudinal snail-schistosome coselection study in the laboratory under a combination of differing host-genotype and parasite pressures and where, uniquely, the reciprocal impact of host and parasite was investigated from both a phenotypic and genotypic perspective ( fig. 6) .
A laboratory strain of "mixed genotype" Biophalaria glabrata (obtained by hybridizing laboratory populations originally from Brazil and Egypt) was artificially selected for increased resistance to a mixed genotype Schistosoma mansoni parasite strain (obtained by combining isolates from Brazil, Egypt, Puerto Rico and Kenya; Abdullah 1997). Infection prevalence in the resistant-selected line following exposure to five mixed-genotype S. mansoni was approximately 20% by the F 6 generation used here. An unselected (parental) B. glabrata strain was also maintained under no parasite selection pressure. Within each of two independent replicate setups of the coselection study, nine groups of 20 size-and age-matched B. glabrata containing graded proportions of resistant-selected and unselected snail lines were placed in tanks; three tanks contained 20 resistant-selected snails (100% resistant [R]), three contained 10 resistant and 10 unselected snails (50% resistant : 50% unselected [R : U]) and three tanks contained 20 unselected snails (100% unselected [U] ). These groups were selected to determine whether host resistance genotype will have a reciprocal impact on parasite fitness and genotype. We may predict that, due to the increased selective pressure imposed on parasites passaged through the already selected resistant host lines, such parasites should show faster reciprocal change, such as toward increased infectivity, than those passaged through the initially unselected hosts. In addition, we may predict greater change toward increased resistance within unselected snail hosts than in their already resistant-selected counterparts. As natural snail metapopulations show a mix in compatibility genotypes present (Webster et al. 2001a (Webster et al. , 2001b , the R : U group was set up to present a potentially more realistic experimental simulation. One tank in each triplicate combination was mass exposed to a high miracidial dose (100 miracidia, equivalent to five miracidia per snail), one tank was mass exposed to a low miracidial dose (40 miracidia, equivalent to two miracidia per snail), and the remaining tank was left unexposed as a control. The use of high and low replicates was aimed to simulate the differences in parasite pressure over space and time within natural populations, where we may predict increased changes within snail hosts exposed to a high dose due to the increased parasite pressure. Likewise, using mass rather than individual exposure here allows the miracidia to "choose" the snails to infect, which may also be more comparable to the natural situation. At week 7 postexposure, S. mansoni cercariae from all infected snails within each group were harvested, pooled, and used to infect four mice per snail group at a dose of 220 cercariae. Seven weeks later, miracidia (and adult worms) from the mice were harvested. For the F 1 -F 3 generations, a randomly selected group of 20 size-and age-matched offspring from each parental line was moved to a fresh tank and exposed to the corresponding miracidia harvested from the mice infected with the parasites obtained from the parental lines such that each parasite line was coselected with the snail line through which it had been passaged. In addition, replicate tanks of 10 size-and age-matched unselected control snails (C2) were exposed at each generation to the same parasite line as the experimental snails with either a high or low dose. This was aimed primarily to detect any change in parasite characteristics independent of host factors per generation and/or the strain specificity of compatibility effects. An unselected parasite line (C3) was also main- 50% resistant to 50% unselected; resistant : unselected) , and three tanks contained 20 unselected snails (100%; unselected). One tank in each triplicate combination was mass exposed to a high miracidial dose, another to a low miracidial dose, and the remaining tank was left unexposed as a control (C1). Schistosoma mansoni cercariae from infected snails within each group were pooled and used to infect mice. A randomly selected group of 20 offspring from each parental line was moved to a fresh tank and exposed to the corresponding miracidia harvested from the mice infected with the parasites obtained from the parental lines. Tanks of unselected control snails (C2) were also exposed to the same parasite lines in an effort to detect any change in parasite characteristics independent of host factors and/or strain specificity, and an unselected parasite line (C3) was maintained in order to monitor any random changes in parasite genotype or phenotype. Snail and schistosome coselection was maintained until the F 3 generation. tained in order to detect any random changes in parasite genotype or phenotype (natural variation in snail compatibility and survival characteristics are expected to be randomly distributed within the unselected control populations). Definitions and measures of host resistance, parasite infectivity, infection intensity, and virulence, as used for our previous host and parasite studies, were retained here for practical purposes (table A1) , although we acknowledge that due to the complexities inherent in such coselection studies, distinguishing host from parasite trait here is not always straightforward.
In order to follow the potential genotypic changes in response to coselection (this was performed on both parasites and intermediate hosts, but to date preliminary data are available only for the former), 10 worms (five male, five female) were randomly selected from each line and generation (i.e., 190 worms in total here) and their population genetic structure analyzed using six of the recently characterized microsatellite markers for S. mansoni (Blair et al. 2001) . Microsatellite DNA has a high mutation rate, between 10 Ϫ4 and ; thus, mutational changes can Ϫ6 5 # 10 be detected over a short time period, making them, together with their codominant expression and allelism, an ideal molecular tool for such studies (Jarne and Theron 2001) .
The results obtained to date suggest that the interme- dose) pooled across all generations (P 1 -F 3 ). Overall, parasite infectivity (and/or snail susceptibility) was significantly higher in susceptible snail lines than in their resistant or mixed counterparts ( ) and was also dose dependent such that the percentage of snails infected was higher if P p .002 exposed to a higher parasite dose ( ). Infectivity to the definitive host was significantly lower in parasites passaged through resistant snail P p .003 lines than either mixed or unselected snails ( ) and significantly higher in parasites passaged through low-dose exposed snails compared to P ! .001 high (
). Bars represent SEs ( replicate combinations per group per generation). (For a color version of this figure, see the online P ! .001 n p 2 edition of the American Naturalist.) S46 The American Naturalist diate host compatibility phenotype and genotype does influence parasite phenotype and genotype across both obligatory host species, indicative of potential coevolution in snail host and parasite ( fig. 7; fig. 8 in the online edition of the American Naturalist; fig. 9 ). Overall, the frequency of patent infections in the intermediate host, as may be expected, was significantly lower for resistant-selected snails relative to their mixed and unselected counterpart groups and was also dose dependent such that the percentage of snails infected was higher if exposed to a higher parasite dose ( fig. 7a) . Likewise, consistent with previous studies, resistant-selected snails produced significantly fewer cercariae than their mixed or unselected groups, and this was not dose dependent. Across generations, infectivity to the intermediate host declined significantly and/ or resistance in the intermediate host increased significantly with increasing generation among the unselected snail hosts, while there was no effect among the mixed lines, and an opposite significant effect occurred in the resistant-selected snail groups by increasing generation ( fig. 8) . Virulence, in terms of snail mortality, did increase with increasing parasite dose but did not differ between snail lines in the first generation, potentially indicative of the relatively comparable costs of defense against infection within resistant snails versus tolerating low dose infections among unselected snails. There was, however, a suggestion that mortality declined with generation for resistant snails but showed no trend, or an upward trend, for the other two lines.
In the definitive host, the impact of both snail group and generation was even more apparent than that observed at the intermediate host stage. Overall, infectivity to the mouse was significantly lower in parasites passaged through resistant snail lines than either mixed or unselected snails and significantly higher from parasites passaged through low-dose exposed snails compared to high ( fig. 7b ). Over generation, infectivity increased significantly in mice exposed to parasites from high-dose snails while not showing any evidence of a trend in mice exposed to parasites from low-dose snails overall ( fig. 8 ). Given this effect, and a significant three-way interaction between generation, dose, and selection line, each line was examined separately for the effect of generation. This showed that for the mixed and unselected snail lines, no trends were evident, while for the resistant snails, infectivity again increased significantly over generation in mice exposed to parasites from high-dose groups but with a nonsignificant negative trend in mice exposed to parasites from low-dose snail lines ( fig. 8 ). Parasites that had been passaged through resistant-selected snails also had lower reproductive success within the definitive hosts than parasites passaged through the mixed and unselected snail groups. This may be indicative of the energetic resources required by the parasite to overcome the resistant-selected snail's host immune defenses and/or the damage inflicted on the parasite by such host immune defenses, leaving the parasite with reduced infectivity for and subsequent reproductive success within the next stage of the life cycle. Similarly, intrahost competition between parasites passaged at high doses at the intermediate host level may be responsible for their subsequent reduced parasite establishment at the definitive host stage relative to their low-dose counterparts. Overall, infection intensity within the mouse increased with increasing generation among parasites passaged through the resistant-selected snail lines, decreased with generation in parasites passaged through the unselected snail line, and with a similar decreasing trend among the parasites passaged from the mixed snail line. Parasite virulence within the definitive host, on the other hand, did not differ in response to the selection status of its intermediate host, where all also showed a general nonsignificant decline over the first three generations.
Molecular analyses also provided empirical support that the host compatibility genotype can reciprocally affect its parasite genotype, thereby suggesting that a parasite response to host-imposed selection is likely. Pairwise genetic distance between populations indicated that parasites passaged through resistant-selected snails tended to cluster together, as did parasites passaged through unselected and mixed genotype snail groups, irrespective of generation ( fig. 9) . While there was a significant departure from Hardy-Weinberg equilibrium across all parasite population samples, population pairwise F ST values also demonstrated that parasites passaged through resistant-selected hosts showed significantly higher genetic differentiation compared to parasites passaged through mixed or unselected snail lines, and this remained consistent across all generations. Indeed, by the F 2 generation, parasites passaged through resistant-selected snail lines showed a significant increase in observed heterozygosity while parasites passaged through the unselected or mixed snails maintained similar levels of observed heterozygosity. While it may have been expected that heterozygosity would decrease in the parasites passaged through resistant-selected hosts due to host resistance selecting for a subset of persistently infective parasites, that these parasites showed, by contrast, the highest observed heterozygosity may instead be potentially indicative of assortative mating among these co-selected lines in an effort to increase and/or maintain genetic polymorphism, which in turn could enhance their opportunities to eventually overcome host resistance. In contrast, the lack of genotypic change in parasites passaged through the unselected snails may indeed suggest that these snails were not imposing any significant selection pressure on the parasite lines passaged through them. Ongoing analyses will reveal whether the reciprocal effect is observed within the intermediate hosts themselves, namely, less genotypic change among the preresistant-selected snails as compared to the unselected snails exposed for the first time to parasite pressure. So to summarize, this ongoing coselection study has provided conclusive evidence of an effect of host genotype on parasite phenotype and genetics. Changes in the frequency of patent infection in the intermediate host may reflect parasite-induced changes in the host population as well as host-induced changes in the parasite population ( fig. 8) , and the genetic data that will allow further elucidation between the two are pending. Moreover, differences in the impact of high and low parasite pressure demonstrate that patterns of exposure may also be important in maintaining variability in host resistance/parasite infectivity traits.
Conclusions
The results of the studies and ideas presented here serve to provide evidence of the importance of evolution and coevolution as a force in shaping host and parasite phenotype and genotype, and in particular of maintaining polymorphisms, in this system. They have demonstrated evidence of evolution on the sides of both the (intermediate) host and the parasite, with potential reciprocal coevolution between host resistance and parasite infectivity and/or virulence, where the latter two need not be positively correlated, at least within the intermediate host ( fig.  1 ). Infectivity and resistance were observed to be antagonistic in that increased resistance promotes increased selection of infectivity alleles and vice versa, while virulence increases the selection for host resistance except where tolerance is an alternative host response. Variability was demonstrated to be maintained through cost-benefit tradeoffs at all stages; in snails, both positive and negative associations between resistance status and reproductive success were identified, and in schistosomes, opportunities for transmission to the definitive host and intrasnail competitive interactions were shown to be important. One must, of course, acknowledge that in reality, host-parasite interactions evolve against a more extensive and constantly changing background of trade-offs and constraints, many of them imposed by other parasite or host species, and all of which will make the signature of coevolution even harder to detect. Indeed, in the laboratory as well as the field, rigorous testing of the complex mechanisms predicted by theoretical models for evolution and coevolution is difficult given the enormous phenotypic variability in host survival and reproduction and cercarial production and worm establishment in snail-schistosome systems. This necessitates highly standardized environmental conditions in order to identify the presence of particular mechanisms and trade-offs. One could, therefore, argue that the differences observed are not large enough to have substantial impact under natural conditions. However, it should be noted that, for instance, phenotypic variation will have no direct effect on evolutionary trajectories and that given the large effects of parasite infectivity and virulence and host resistance on their fitness, only small genetic effects are necessary to promote variations over short periods under natural conditions. Thus the laboratory host-schistosome system may best be viewed as a model in which to test theoretical predictions for evolution and coevolution and may suggest mechanisms that might occur in field populations. For example, one might predict that parasite genotypes newly introduced into an area would be poorly infective and highly virulent in local snail populations but would be overrepresented in the human host population through the trade-off in reproductive success in the intermediate and definitive host. This could be investigated with a temporal survey of parasite genotypes present in human and snail hosts at new foci of infection and/or after successive rounds of chemotherapy. Similarly, snail susceptibility might be expected to increase following chemotherapy due to the fitness cost of resistance alleles in the absence of disease. Ultimately, generations of empirical data in both field and laboratory studies and their subsequent incorporation into novel models of resistance, infectivity, and virulence for schistosomes and a range of other multihost parasite systems in particular may provide the greatest challenge and opportunity toward understanding host-parasite coevolution in natural populations.
